Abstract: In order to understand the biological activity of humic substances (HS), the effect of four humic acids (HA) and one fulvic acid (FA) on seed germination and early growth of cosmopolitan weed Chenopodium album agg. were tested. Humic substances of diverse origin were used, namely purified commercial HA, HA isolated from lignite, cambisol and podzol, and FA from mountain spruce forest soil. Data processing by two-way ANOVA has shown that type of the tested substances was a more important factor on seed development than used concentration. The major differences in germination and length of shoots were found in the first days of the experiment. Commercial and lignite HA stimulated the seed germination and growth, while podzol HA inhibited them. After this initial phase, all humic substances stimulated the seed development, but these stimulations were not significant (P < 0.05). At the end of germination test, the greatest stimulation effect (up to 20%) was achieved with the lignite HA.
Introduction
The major fertile components of soil organic matter are humic substances (HS). They exhibit a hormone-like activity on plants, but the exact mechanism is unknown. Besides many others, two main hypotheses were proposed to elucidate this bio-stimulatory effect of HS: (i) similarity of HS chemical structure to hormones and (ii) presence of hormones of microbial origin adsorbed by HS fraction (Sladký 1959; Nardi et al. 2002; Pizzeghello et al. 2002; Loffredo et al. 2005) .
Biological activities of HS, above all humic (HA) and fulvic acids (FA), have been studied in relation to the growth and development of higher plants in last years (Chen et al. 2004; Antošová et al. 2007 ). Positive effect of HS on growth and yield of main crops has been widely confirmed (Sanders & Prince 1988; Reynolds et al. 1995; Sharif et al. 2002; Olk et al. 2007 ). The mechanism by which HA and FA stimulate plants is difficult to clarify due to the chemical heterogeneity of HS (Christl et al. 2000; Veselá et al. 2005; Muscolo et al. 2007 ) and uncertainty about their characterization (Gonzales-Perez et al. 2006) . Different biological activities of prepared HS are influenced mainly by soil type or their origin (Lulakis & Petsas 1995; Asenjo et al. 2000; Muscolo et al. 2002; Nardi et al. 2002; von Lutzow et al. 2006) .
Although many HA and FA were tested on various arable crops to maximize their yield (Martens 2000) , the understanding of biostimulatory effect on seed germination is still insufficient. A beneficial effect of HS, especially HA on seed germination rate, root initiation, and seedling growth and development have been observed and documented predominantly on agricultural and silvicultural species as wheat (Killi 2004; Antošová et al. 2007 ), sunflower (Desanfilippo et al. 1990 ), maize Antošová et al. 2007; Olk et al. 2007) , cotton (Killi 2004) , lettuce and tomato (Lulakis & Petsas 1995; Turkmen et al. 2004) , rice (Olk et al. 2007) , leguminous plants (Ferrara et al. 2004) , ryegrass (Asenjo et al. 2000) , pine and spruce Muscolo et al. 2002; Pellissier 1993) and pot garden plants (Hartwigsen & Evans 2000; Evans & Li 2003) . Various HA and FA may influence the seed germination in different ways. Some HA or FA may improve seed germination substantially, others may make it worse (Asenjo et al. 2000; Muscolo et al. 1999 Muscolo et al. , 2002 Nardi et al. 2002; Loffredo et al. 2005) .
We suppose that the interaction of HS with a plant would be elucidated by testing their effect on natural plant species with lower seed germination and large ecological plasticity. Lamb's Quarters (Chenopodium album agg.), a common summer annual herbaceous kind of weed widely distributed in the world, appears to be a suitable plant for testing the increase of the number of germinated seeds (Saini et al. 1984; Šerá et al. 2008; Tang et al. 2008) . Its seeds are dormant and their germination is gradual (Baskin & Baskin 1977; Grime et al. 1981) . The optimum condition for useful germination of C. album is low temperature storage and light condition during the germination (Jursík et al. 2003; Tang et al. 2008) . In contrast to crop or arable plants, the percentage of germinated C. album seeds is usually markedly under 100 %, which predetermines it for a research of seed germination stimulation. Biologically active compounds in HS are connected with original soil organic matter. Concentration of the matter is an important factor, too. That is why our work used HS of various origin and different concentrations. The aims of our work were (i) to compare effects of one commercial HA, three HA and one FA from natural sources on seed germination and early growth of C. album plant and (ii) to identify the most effective one, which could be a beneficial supplement for stimulation of dormant and/or slow germinating species.
Material and methods

HA and FA isolation
Substrates (soil samples and lignite, Table 1 ) were air-dried, moderately crushed and sieved (< 2 mm). HA and FA were extracted using 0.1 mol L −1 NaOH at a solution/soil (lignite) ratio of 20:1 after 20 hour soil decalcification by 0.1 mol L −1 HCl. HA were purified by repeated re-precipitation followed by desalinization in the Amicon ultra filtration cell with filter YM 1K NMWL (cut-off 1 kDa) (Koukol et al. 2004) . FA were isolated from mother liqueur after HA precipitation using the standard method with XAD8 resin column (Malcolm 1991) . The sodium humate and fulvate were converted into H + form in column packed with strong cation-exchange resin DOWEX 50W×4, freeze-dried and stored in the dark until used. Ash content in humic acids did not exceed 3%. 
Test solutions
Tested seeds
Seeds of Lamb's Quarters (Chenopodium album agg.) were collected in the České Budějovice region (Czech Republic) in October 2007. Only ripe intact seeds without visible defects were selected. The seeds were stored at the temperature of about 12
• C from ingathering to the start of the experiment. The weight of one thousand seeds was 0.792 g at the start of the experiment. Seed germination in the laboratory conditions (light, 20
• C) was 63% (+/-2.3 SD) on the tenth day of incubation.
Seed germination test
Thirty seeds of Lamb's Quarters were imbibed in 9 cm Petri dishes containing three layers of filter paper and 6 mL of the extract. Each of five humic substances (Table 1) was tested in three concentrations (20 mg
. Treatments including control tests involved five replications with 30 seeds each so any humic substance/concentration combination was tested with 150 seeds. Two types of control tests were used. The seeds in the first control test were cultivated with 6 mL of distilled water (water control) while in the second one 6 mL of 2.8 × 10
−4 mol L −1 K2SO4 was used (potassium control). Seeds were incubated under light/dark regime (10/14 hours) at the temperature of about 20
• C for eleven days from the 19 th to 30 th May, 2008 (germination and early growth tests together). The numbers of germinated seeds were monitored during the four days. The radicle protrusions or seed coat disruptions were recorded as the criterion for germination. The lengths of shoot, measured without cotyledon, were monitored during seed growing (period of eleven days, monitoring was per 24 hours).
Data analysis
The number of germinated seeds was expressed in percents. Arcsin transformation (y = arcsin( (x/n)) of the data was used for normalization. The logarithmic transformation (y = log(x)) of the lengths of shoots was made for the same purpose. The difference between water control and potassium control were computed by Student's t-test. The global influence of the substances on germination and early growth has been evaluated through the two-way ANOVA test with repetition (balanced design, fixed factors: substance A, B, C, D, E, concentration 20, 60, 200 mg L −1 ). The dependent variances were the percentage of germinated seeds and length of shoots. The detailed testing of experimental variances between each other was done using the one-way ANOVA test and then the Tukey test for multiple comparisons. These tests performed if the effects were significant in the two-way ANOVA. All the statistical tests were done at the significance level of 0.05 and analyzed by the program STATISTICA. In the following text, combinations of letters (A, B, C, D, or E) and numerals (20, 60, or 200) are used for an indication of the HS substance/concentration combination.
Results
Controls comparison
No significant difference (t-test, P < 0.05) was found between the potassium control and the water control in the effect on the number of germinated seeds and length of shoots. Hence, data from the potassium control were not used for the successive analysis. Effect of the substance and concentration on the seeds A strong effect of factor substance on the number of germinated seeds was found (two way ANOVA, P < 0.001, Table 2 ). A post hoc comparison test confirmed a significant difference in the first three days. The greatest difference was found between the effect of the substance B and substances D and E. On the contrary, no effects on the number of germinated seeds were found for the factor of concentration and the combined factors of substance*concentration. The distinct effect of substance on average shoot length was found (two way ANOVA, P < 0.001, Table 2). The post hoc comparison test confirmed a significant difference in the all four days. The effect of the substance A and B strongly differed from that of the substance E at that time. No significant effects on length of shoot for the factors of concentration were found.
The effect of humic and fulvic acids on Chenopodium album seeds Table 1 ), K water control, and numbers (20, 60, and 200) concentration.
Seed germination
Germination was very unbalanced during the initial four-day period (Fig. 1) . The significant differences in number of germinated seeds were found on the first and second days (one way ANOVA, P < 0.01). The greatest stimulation effect was observed for the B200 treatment. On the other hand, substances D60 and E60 exhibited inhibitory effect (Tukey HSD test, P < 0.05, Table 3 ). All tested substances showed a positive effect on seed germination from the fourth to the fifth day of the experiment. The numbers of germinated seeds of Chenopodium album were higher in comparison with the water control during the whole experiment, but a significant difference was not found.
The greatest difference, 20% more than water control, was observed on substance B60 on the eleventh day. Seed germination exceeded 10% after treatment with substances B200, C20, C60, D20, E20, E200 (measured on the eleventh day, Fig. 1 ).
Shoot growth
The significant differences were found in shoot length on the third and fourth days of the experiment (one way ANOVA, P < 0.05). The greatest shoots were observed after treatment with B200 on the fourth day. On Days K E20 E60 E200 Fig. 2 . Length of shoots of Chenopodium album seedlings after humic substance treatment. Letters A-E signify humic type (see Table 1 ), K water control. The numbers (20, 60, and 200) mean HS concentration. Bars show SD.
that day, the shoot growth after the treatment with the substance B200 was distinctly longer than that after the treatment with the substances C60, D60 and E20, E60 and E200 (Tukey HSD test, P < 0.05, Table 3 ). No significant effect was found on the first and second day of the experiment. Visualization of shoot length after all treatments showed a stimulating effect of A and B substances. In contrast, substances C, D and E inhibited the seedling growth of Chenopodium album (Fig. 2) .
Discussion
The beneficial effects of HS on plants, above all on important useful species (arable crop, vegetable plant, timber forest tree), have been widely studied. Some authors (Turkmen et al. 2004; Antošová et al. 2007) found no effect of HS on seed germination capacity (number of germinated seeds, not germination rate). They often used cultivated species that are characterized by low dormancy and high seed vitality and germination. Using wild (non-cultivated) plant species, such as Chenopodium album is more suitable. The purpose of this study was to evaluate the stimulating effect on plant seeds with gradual germination (Baskin & Baskin 1977; Grime et al. 1981) . Germination of C. album seeds was 63% at the start of the experiment. All tested HS increased seed germination from the fifth day. Contradictory results were found in the interval from the first to the fourth day (Fig. 1) . The highest germination (200 %) was observed in lignite HA (B) treatment on the first day. An inhibitive effect on seed germination was connected above all with HA isolated from O h -horizon of podzol from the mountain spruce stand (E) in the initial days. This negative activity is in accordance with testing of HS isolated from forest soil (Halley & Pellisier 1997; Nardi et al. 2002; Muscolo et al. 2007) . HS activity may be related to their physical and chemical properties. High contents of betaine, organic acid, and -COOH groups were determined in forest humic fractions (Muscolo et al. 2007 ). Phenolic compounds contained in coniferous forest soils (podzolic horizon) are responsible for allelopathic effect on spruce seedlings (Pellisier 1993; Halley & Pellisier 1997) .
In addition, different bioactive effects of HS on plant species are interpreted with pH value (Chen et al. 2004; Antošová et al. 2007 ) and potassium concentration (Killi 2004; Antošová et al. 2007 ). All our tested HA and FA solutions were adjusted to 6.3 pH and to the identical potassium concentration of 21-22 mg L −1 . That is why we did not have to speculate about a pH value effect in this experiment. We did not observe any statistically significant effect of potassium on germination of C. album seeds (potassium control). This fact may be explained by a relatively low demand of the tested seeds on potassium, on contrary to farm crops (Killi 2004) .
Early growth of C. album seedlings did not follow the trend of seed germination entirely. We found both positive and negative activity of HA on the lengths of shoots (Fig. 2) . Both HA isolated from lignite (B) and purified commercial Fluka preparation (A) had a stimulating influence. On the other hand, HA isolated from cambisol and HA and FA from mountain spruce forest (D, E, C respectively) exhibited an inhibitory effect. This negative influence on C. album seedlings growth can be interpreted similarly to the negative influence on germination. Moreover, C. album is a lightdemanding species (Jursík et al. 2003; Tang et al. 2008) growing in the open landscape. This species is probably adapted to different soil parameters than coniferous forest can provide. Likewise, nitrogen organification in the maize seedlings was greatly stimulated by organic acid extracted from the agrarian soil, while the solutions isolated from the forest soil had no influence upon the seedling metabolism . The long term response of tested seeds to soil HA and FA may be a result of plant adaptation to the surrounding agents in the soil during the evolution. According to the high stimulating effect of lignite HA we consider, that hormone-like activity of HA is linked to the chemical structure of HA rather than to hormones of microbial origin entrapped into soil HA (Chen et al. 2004) .
The type (origin) of the tested substances was a more important factor on seed development than both concentration and substance*concentration. According to published results (e.g. Antošová et al. 2007 ), we chose HS concentrations at a relatively narrow range 20-200 mg L −1 . Some authors used a wide concentration range, up to 500 mg L −1 (Ferrara et al. 2001 ), 2 000 mg L −1 (Lulakis & Petsas 1995; Turkmen et al. 2004) , or even 5 000 mg L −1 (Hartwigsen & Evans 2000) . High concentrations of HS, however, may not be beneficial for plants. For example, whereas HS extracted from vine-cane compost influenced tomato seedling growth positively at concentrations of 100-300 mg L −1 , the same HS had an inhibitory effect at concentrations higher than 1 000 mg L −1 (Lulakis & Petsas 1995) .
In view of our results, germination of wild species can provide more information than testing of cultural crops. A seed germination test of poorly germinating species can clarify the germination process and early seed growth in more resolution. More extensive studies, focused on biological activity of individual molecular fractions of HS on wild plant species, are needed to verify our findings.
